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The development of highly efficient gene transfer methods is a prerequisite for gene therapy. One of the approaches involves artificial self-assembling systems. Typically, (poly)cationic molecules interact with DNA to form particles that are able to deliver the DNA into the cells. Cationic lipids are some of the more promising vectors. [1] [2] [3] [4] However, it is estimated that only one out of 10 4 plasmid molecules presented to the cell by cationic lipids, reaches the nucleus and is expressed. In contrast, for every 10 recombinant adenoviruses that reach a cell, at least one will successfully transfer and express its gene. 5 Efforts to improve the lipofection (gene transfer using cationic lipids 6 ) efficiency include direct modification of the cationic lipid, 7, 8 addition of helper molecules such as the lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), 9 addition of replication-defective adenoviruses 10 or fusigenic peptides. 11, 12 Despite encouraging advances, the number of plasmid copies required to obtain high gene expression is still high.
Cationic lipids with multivalent headgroups, such as lipospermines, are usually more efficient for in vitro gene transfer than the monovalent cationic lipids. 13 However, transfection with these lipids in vitro requires DNA complexes bearing a strong net positive charge, ie in previous studies using Transfectam (dioctadecylamidoglycylspermine, DOGS), it was found that the transfection efficiency was optimal when the +/− charge ratio was about 3 to 6.
14 These positive charges are thought to pro- mote binding and uptake of the complexes through nonspecific endocytosis. 15, 16 However, the low gene transfer efficiency observed in vivo with synthetic vectors may be due to the interactions of the positively charged transfection particles with blood components. In contrast, lipoplexes (cationic lipid/DNA complexes 6 ) with charge ratios close to neutrality should allow: (1) a reduced binding to the anionic extracellular matrix; and (2) a reduced activation of the complement system. 17 In addition, there is a dose-dependent toxicity associated with the use of lipoplexes. Thus, it is necessary to reduce the quantity of material (ie the DNA and its carrier) required to achieve efficient gene delivery in vivo.
We report that the optimization of the DNA/Transfectam condensation step using suboptimal amounts of cationic lipid leads to highly efficient formulations.
Complexes of DNA and 2, 1 and 0.75 charge equivalents of Transfectam were prepared (the term charge equivalent indicates the amount of lipid used for the formation of the complexes; one charge equivalent corresponds to the amount required to neutralize all the negative charges carried by the phosphate groups of the plasmid; the charge ratio is calculated by taking into account the fact that one molecule of Transfectam carries three positive charges, as three ammonium groups are protonated at physiological pH 13 ). When formulated in Roswell Park Memorial Institute (RPMI; Gibco-BRL, Gaithersburg, MD, USA) culture medium instead of 150 mm NaCl solution as recommended by the manufacturer, these lipoplexes gave a 600, 250 and 200 times higher luciferase reporter gene expression (Figure 1a) 4 eq/DNA prepared in 150 mm NaCl, which leads to the highest luciferase activity on H225 cells). By replacing the RPMI medium with DMEM (Dulbecco's modified Eagle's medium; Gibco-BRL), the enhancement observed with suboptimal amounts of lipid (0.75, 1 and 2 eq) was less significant, but the efficiency remained better than with water or 150 mm NaCl (not shown). In contrast, when optimized amounts of cationic lipid, ie 4 charge equivalents, and DNA (2 g per well for a 24-well plate) were mixed in RPMI, there was no enhancement in reporter gene expression. In fact, a decrease of the efficiency was observed, which is consistent with the data obtained by Barthel and colleagues. 14 In order to determine which components are respon- sible for the increased efficiency with suboptimal amounts of lipid, we tested each salt, alone or in combination with other components of the RPMI medium. NaHCO 3 (23.8 mm; pH 7.4) and Na 2 HPO 4 (5.6 mm; pH 7.4) used alone (data not shown) or mixed together (pH 8; Figure 1b ) gave a similar enhancement to that of the complete culture medium. In addition, we tested other buffers for their ability to augment the efficiency of 1 charge equivalent Transfectam/DNA complexes; a buffer containing 150 mm NaCl and 20 mm sodium citrate (pH 5.5) was as efficient as NaHCO 3 /Na 2 HPO 4 ( Figure 1b) . Thus, in contrast to the medium effect observed by Caplen et al 19 with the cationic formulation DCChol/DOPE, the effect we observed is not pH-dependent (ie it does not rely on a modified protonation state of the amines of the lipospermine).
Using the lipoplexes prepared in the NaHCO 3 /Na 2 HPO 4 buffer on other cell lines, such as the human hepatocarcinoma cell line HepG2, B16 murine melanoma cells or the murine fibroblasts NIH 3T3, comparable results to those observed on H225 cells were obtained ( Figure 2 , and Otmane Boussif, personal communication), showing that the effect is not cell typedependent. An enhancement, although to a lower extent, was observed using Lipofectamine 20 (Gibco-BRL) under suboptimal conditions (0.75 eq; see Figure 3 ). Lipofectamine is a mixture of the lipospermine DOSPA (2,3-dioleoyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate) and the helper lipid DOPE (DOSPA/DOPE, 3/1, w/w). It was previously shown that DOPE can increase the efficiency of Transfectam when suboptimal amounts of lipid are used. 9 No enhancement in reporter gene expression was obtained with Transfectam 2 eq/DOPE 1.5 eq/DNA particles. These results confirm the Lipofectamine data, demonstrating that the presence of DOPE diminishes the Figure 1) 
this transfection mixture per well was pipetted on to H225 cells. Total luciferase activity of the cells is shown and represents the mean value of the duplicates (±s.d.).
enhancement obtained by the DNA complexation step performed in NaHCO 3 /Na 2 HPO 4 .
We have recently shown that fusigenic peptides derived from the N-terminus of hemagglutinin from the influenza virus are able to increase the efficiency of Transfectam/DNA complexes up to 1000 times, when Transfectam is used in suboptimal amounts. 12 Preparing these ternary complexes in NaHCO 3 /Na 2 HPO 4 further improved their efficiency by a factor of seven (Figure 3) . When the cationic lipid was diluted in NaHCO 3 /Na 2 HPO 4 and the DNA in 150 mm NaCl for complexation, the complexes remained very efficient in gene transfer. However, when the lipid was diluted in 150 mm NaCl and the DNA in NaHCO 3 /Na 2 HPO 4 , the resulting complexes lost their gene transfer efficacy (Figure 1b) . These formulations were then used in a DNA retardation assay (see Figure 4) . The following observations could be made: (1) Transfectam 1 eq complexed to DNA in a 150 mm NaCl solution was able to retard all the DNA. The same result was obtained when, before mixing, Transfectam was diluted in NaCl and the plasmid in NaHCO 3 /Na 2 HPO 4 ; (2) however, with the complexes obtained when the lipid is diluted in NaHCO 3 /Na 2 HPO 4 and the DNA in NaCl or NaHCO 3 /Na 2 HPO 4 , only a small part of the DNA is retarded. A similar pattern was observed when 4 charge equivalents of Transfectam were used (Figure 4 ). Note that a sodium chloride dispersion containing 4 charge equivalents of Transfectam was able to prevent intercalation of ethidium bromide in DNA (Figure 4 , lane 2 and 5, lower panel). These results show that there is, depending on the complexation buffer used, an even or uneven distribution of the cationic lipid among the DNA molecules. Thus, a possible explanation for efficient transfection by NaHCO 3 /Na 2 HPO 4 lipoplexes formed at low ratios is that only a small portion of the total DNA is complexed with the cationic lipid to form transfectioncompetent particles.
Since high reporter gene expression was obtained with Transfectam 0.75 eq/DNA complexes formulated in NaHCO 3 /Na 2 HPO 4 while only a small part of the DNA is complexed, we asked what would happen if the amount of DNA used for transfection were reduced. Figure 5 shows that using 0.5 or 1 g of DNA per well instead of 2 g reduces the efficiency of Transfectam 4 eq/DNA (NaCl) and Transfectam 0.75 eq/DNA (NaHCO 3 /Na 2 HPO 4 or NaCl) complexes. However, reporter gene expression obtained with the Transfectam 4 eq (NaHCO 3 /Na 2 HPO 4 ) complexes remained high.
In the presence of 20% serum (of both heat-inactivated serum and non-decomplemented serum) the transfection efficiency of the NaHCO 3 /Na 2 HPO 4 formulation was affected in a comparable manner to the NaCl preparation (data not shown). Finally, we asked whether the addition of the anionic ions to the lipoplexes has an influence on the size of the DNA complexes. The particle size measurements obtained by laser light scattering showed that the complexes formulated in sodium chloride were smaller than those prepared in NaHCO 3 /Na 2 HPO 4 (400-750 nm versus 950-1050 nm).
Taken together, our data show that only a small part of the Transfectam/DNA complexes prepared in 150 mm sodium chloride is involved in gene transfer. Formulation of complexes in NaHCO 3 /Na 2 HPO 4 leads to the same expression levels as Transfectam 4 eq/DNA/NaCl complexes but either less lipid needs to be used or fewer complexes needs to be applied to the cells (see Figure 5) . Because there is a dose-dependent toxicity associated with the use of lipoplexes 22, 23 (and AK unpublished results), it is advantageous to minimize the amount of complexes and lipid used. In addition, with complexes prepared in sodium chloride, there is a narrow window for efficient transfection -ie conditions outside those optimal, result in a considerable decrease of reporter gene expression. In contrast, the window is much larger with transfection particles prepared in RPMI medium or NaHCO 3 /Na 2 HPO 4 . This point could be particularly important for in vivo applications. The isolation and characterization of these highly efficient Transfectam/DNA/NaHCO 3 -Na 2 HPO 4 particles will be the focus of future investigations.
